We report the influence of femtosecond (fs) laser weakly ionized air channel on characteristics of plasma induced from fs-laser ablation of solid Zr metal target. A novel method to create high temperature, low electron density plasma with intense elemental emission and weak bremsstrahlung emission was demonstrated. Weakly ionized air channel was generated as a result of a non-linear phenomenon. Two-dimensional time-resolved optical-emission images of plasma plumes were taken for plume dynamics analysis. Dynamic physical properties of filament channels were simulated. In particular, we investigated the influence of weakly ionized air channel on the evolution of solid plasma plume. Plasma plume splitting was observed whilst longer weakly ionized air channel formed above the ablation spot. The domination mechanism for splitting is attributed to the long-lived underdense channel created by fs-laser induced weakly ionization of air. The evolutions of atomic/molecular emission intensity, peak broadening, and plasma temperature were analyzed, and the results show that the part of plasma entering weakly ionized air channel features higher initial temperature, lower electron density and faster decay.
Introduction
The propagation of ultrafast laser filaments through transparent media contains complex nonlinear phenomena and results in various exciting potential applications [1] [2] [3] [4] . A filament can be formed when femtosecond (fs) laser power is above the critical power [5] , as a result of dynamic balance between self-focusing and defocusing [6] . The length of filament varies from several times of Rayleigh length to kilometer range [7, 8] , which is focus conditions and laser parameters dependent [9, 10] . The typical diameter of filament is around 100 μm [11] . The laser power density clamped in the filament channels is in the order of 10 13 W/cm 2 or even higher [12, 13] , which is sufficient for material ablation. Fs-laser filament ablation, as a unique material processing and analysis technique, provides distinct advantages over nanosecond laser ablation. Remote chemical analysis with fs-laser filament ablation has been demonstrated [4, [14] [15] [16] [17] .
The fs-laser intensity clamped inside the filament core is propagation distance dependence, and the characteristics of filament induced plasma over propagation distance are significantly different [18] . Due to the non-linear effect during fs-laser propagation, air molecules can be weakly ionized and a weakly ionized air channel forms. The interaction between fs-laser induced solid plasma and fs-laser induced weakly ionized air channel was seldom reported. Understanding the role of preexistent weakly ionized air channel in evolution of fs-laser induced solid plasma from sample is important for improving the performance of remote-filament induced breakdown spectroscopy (R-FIBS) or femtosecond filament-laser ablation molecular isotopic spectrometry (F 2 -LAMIS) [19] . The self-focused fs-laser beam can heat up the gas [20] , generate shockwave [3, 21] , modify local air density [21, 22] , and create vortex [23, 24] . The plasma dynamics differs from that generated in quasistatic ambient or pressure reduced environment [25] [26] [27] . More complex mechanism is included in case of fs-laser filament ablation of materials, compared to typical fs-laser ablation cases because a weakly ionized air channel was created before solid plasma expansion [28] . Understanding the plasma plume dynamics of a fs-laser induced plasma in weakly ionized air channel is ultimately important for many applications. In case of fs-laser filament ablation of materials, the plasma evolution can be affected by the weakly ionized channel [29] . The dynamics and density gradient [22] of air molecules resulted from weakly ionized air channel set a special environment that plasma expands inside.
In this letter, a threadlike weakly ionized air channel was created by pre-focusing fs-laser beams with lens. The laser energy was clamped inside the channel and then was coupled onto sample surface. Plasma was induced on solid sample surface. We report the characteristics of the ablated plasma plume from solid zirconium metal target. Zr metal target was placed at different locations of the air channels. The dynamics of fs-laser ablated plasma plume was analyzed by recording time-resolved optical-emission images of plasma plumes. The dynamics of the weakly ionized air channel were simulated and its influence on the evolution of plasma was investigated.
Experimental setup
The laser source was a Ti:Sapphire fs-laser system (λ = 800 nm, 35 fs pulse, Coherent, Astrella). Constant laser energy of 5 mJ was used. By focusing laser beam with a f = 15 cm lens, a weakly ionized air channel was generated above the geometrical focus. Fluoresce emission of the ionized channel was directly imaged onto the entrance slit of a spectrograph (Horiba 1250M) by a pair of lenses. Laser beam propagation direction lied along the orientation of the spectrograph slit. To record spectra with high spectral resolution (~10 pm), 3600 g/mm grating was used. An intensified-CCD (PI-MAX, 1340 x 1300 pixels, 20 x 20 µm 2 pixel size) was positioned at the spectrograph exit plane. Time resolved images of plasma/weak ionized channel were recorded with configuration of spectrograph grating operating in reflection mode with fully opened entrance slit (3 mm) [30] . Alternatively, the spectrograph produced 1D-spatial and spectral images of the ionized channel or ablated plasmas, with configuration of spectrograph grating operating in diffraction mode with narrow slit width (e.g., 50 μm). The ICCD gate was synchronized with laser pulse and the time zero coincided with the irradiation of the laser pulse. The imaging magnification was 3.3 × . Flatfield calibration was done for all spectra. For plasma plume images and emission spectra measurements, a zirconium plate sample was used. The sample was mounted on a three dimensional stage. Measurements were carried out in ambient air ( Fig. 1 ). 
Results and discussion

Weakly ionized air channel
Filament can form in air whilst the power of the fs-laser pulses is above the critical power (P cr ) for self-focusing. If the laser pulse peak power is lower than the critical power, filamentation cannot be launched [10] . In this experiment, the laser power is about one order higher than P cr that reported for fs-laser pulses at 800 nm in air [5] . The observed length of N 2 + emission zone is >3 times as long as the Rayleigh length (~1.4 mm), and the emission is very similar to the fluorescence emitted from filaments launched by focusing fs-laser beam with f = 11-100 cm lens [13, 31, 32] . Figure 2 (a) shows the emission image of the weakly ionized air channel. A 10 nm bandpass filter centered at 390 nm was used, which only allowed the emission of (Δυ = 0) band of first negative system of N 2 + with bandhead at 391 nm [13, 33] can be effectively imaged. The continuum spectral component contributed to the image is ignorable because fs-laser induced multiphoton or tunnel ionization [34, 35] of air lead to clean fluorescence (i.e., almost free from plasma continuum) emitted from nitrogen molecule (N 2 ) and ion (N 2 + ) [31, 36, 37] , which was also confirmed in our experiment, as shown in Fig. 2(b) . As seen in Fig. 2(a) , the weakly ionized air channel forms at distances shorter than the geometrical focus of the lens, which was determined with following steps: 1) attenuating laser power to ablation threshold of silicon, 2) a polished silicon wafer was placed at different positions near the focus, 3) position with smallest crater size was set as the geometrical focus. The laser beam can pass through the fluorescing zone [38] . Only one single channel formed, which enhanced the interaction between weakly ionized channel and ablated plasma plume because higher laser intensity can be clamped inside the channel, thus intense influence of weakly ionized air channel on plasma plumes was expected. Moreover, the rotational temperature was calculated by fitting the experimental spectrum with synthetic first negative system of 2 N + ( 2 2 B X u g + + Σ → Σ ) molecular band, and the calculation yield an initial temperature of ~1200 K. Detailed simulation algorithm and fitting method can be found in our previously reports [19, 39] . Red triangles indicate the sample surface positions for following experiments. 1000 laser pulses were accumulated and the ICCD gate delay and gate width were 0 and 10 ns, respectively. The persistent time of fluorescence is less than 10 ns, which was experimentally confirmed, as shown in (b). The spectra shown in (b) were taken with 2 ns gate width.
Simulation of dynamic physical properties of filament channels
It is assumed that the hydrodynamic motion and thermal conduction of the gas are the dominant processes occurring at time scales of tens of nanosecond and longer, which are much greater than those of the fs-laser-gas interactions including photoionization and thermalization. The energy deposition profile is assumed to be spatially confined to the region of the initial photoionization events. Furthermore, on the nanosecond time scales the gas is assumed to be fully recombined and in local thermodynamic equilibrium. The axis symmetry is assumed for the problem along the longitudinal axis of the tube. The effect of longitudinal variation is neglected, hence effectively reducing the problem to one-dimension. Initially, it sets a uniform gas density, pressure, temperature and zero velocity field. At the beginning of simulation, a high temperature field (and hence a high pressure field) is imposed over the center area with a Gaussian profile. The peak temperature is 1200 K, with a radial half width of 30 μm. The gas is then let evolve according to the following equations. The conservation laws of mass, (linear) momentum, and energy require n n j 0, t
where n is the number density of gas molecules, v is the hydrodynamic velocity, ( ) p mv ≡ and ε are the (average) momentum and energy per molecule, respectively, m is the molecular mass, σ is the stress tensor, n j is the mass flux, k j is the partial energy flux due to energy/heat conduction, and t is the time. The constitutive laws for the fluxes and stress are given by n j nv,
where k is the energy conduction coefficient, η and λ are the first and second coefficients of viscosity, P is the thermodynamic pressure, I is the identity matrix, and the superscript T denotes the transpose of a matrix. For simplicity, it is set that The above initial-boundary value problem is solved numerically by applying a standard finite volume method [40] . The domain is discretized in a rectangular mesh of finite volumes. The nodes are assigned to the centers of the finite volumes. The fluxes of mass, momentum and energy at the boundaries of the finite volumes are evaluated by finite difference approximations based on nodal values of density, velocity, and energy (temperature). The conservation laws are enforced with these fluxes in a local integral form. By the finite volume method, the conservation laws are ensured between finite volumes, even though the time derivatives and the fluxes are approximate. The time derivative is approximated by first-order finite difference, whilst the spatial derivative by the third-order finite difference. The time step is 1 ns.
The time resolved density, temperature, radical temperature and radial velocity of the weakly ionized air channel were shown in Fig. 3 . The weakly ionized air channel induced from fs-laser filamentation only persists for about 10 ns and repartitions its energy into the translational and rotational degrees of freedom of air molecules [41] . An outward-propagating pressure wave formed after the localized, fast energy deposition, after that a low density channel was created, which featured similar cylindrical geometry as filament channels [42, 43] . The density reduction can be up to 70%, and lasts for over hundreds of microseconds. A long-lived underdense channel or density cylindered hole is left behind fslaser filament, and it persists enough time to modify the filament induced plasma plumes.
Expansion of fs-laser ablated plasma plume in weakly ionized air channel
In order to investigate the influence of the weakly ionized air channel on fs-laser plasma plumes, a zirconium sample was positioned at locations H1-H5, as indicated in Fig. 2(a) . The spatiotemporal evolution of plume was recorded. Zirconium is line rich element and molecular band spectra of ZrO are also rich in laser induced plasma emission, as demonstrated in our previous report [39] . A 10 nm bandpass filter centered at 460 nm was used whilst recording the images of plasma plume. Tens of Zr atomic/ionic lines and three α(0,0) ZrO molecular bands of d 3 Δ−a 3 Δ system [44, 45] were covered in transmission wavelength range of the filter. The time resolved images of fs-laser induced plasmas from zirconium metal sample that positioned at five different positions (H1 to H5) are shown in Fig. 4 . The intensity of each image was scaled to 0-1 to ensure that each image features high contrast. Under the irradiation effect of fs-laser, plasma formed at the surface of sample. For the plasmas generated at location H1, the radial and longitudinal expansion velocities were similar at early stage time delays (0 to 100 ns) and plasmas were spherical. When the time delay was over 150 ns, the height of plasma kept increasing whilst the radical size was nearly constant, until the final plasma decay around 4 μs. The plasmas were not symmetric in the longitudinal direction, but feature a hot spot in the part near sample surface (~1 mm) and a weak tail propagating upward. Although no obviously difference was observed at early stage (0 to 50 ns) plasmas induced from samples positioned at locations of H1 to H5, several distinguish differences were observed by comparing the sequence images. Obvious plasma splitting was observed when the sample was positioned at locations H3, H4 and H5, a dark area presented between the two separated parts and the height of this area was larger whereas the sample was positioned closer to the geometrical focus. The relative intensity of the two separated parts differentiated. The shorter distance between sample surface and geometrical focus, the splitting time occurred earlier, but the plasma portion at the top decayed faster.
Triple splitting structure of plasma plume has been reported with fs-laser ablation of metal targets in vacuum condition, and the corresponding mechanism was attributed to that the ions, neutrals, and nanoparticles propagated with decreasing velocity [25, 46] . However, in this work, we did not observe significant difference between distributions of atomic and ionic species in two split plumes by spectroscopic analysis of plasma plume emission (see section 3.3), we rule out that propagating velocity difference that leads to plume splitting. Moreover, we did not observe plume splitting whilst sample surface was positioned at location H1.
Harilal et al [25] reported the morphological changes in fs-laser ablated plumes with varying spot sizes, and no plume splitting phenomenon was observed, even though the angular distributions of ejected plasma varies greatly with spot sizes and the shape of plumes changes from spherical to cylindrical with an increasing spot size from 100 to 600 µm. The weakly ionized air channel generated a specific environment for the expansion of plasma plume. The underdense feature of the channel is likely the dominate mechanism for the splitting and the channel persists enough time to modify the filament induced plasma plumes. Due to the density gradient between plasma plume and filament induced underdense channel, part of the plasma plume can be sucked into the low density channels, as shown in Fig. 3(H2)-3(H5) . 
Spectroscopic analysis
In order to characterize the two split plasma plumes, spectroscopic analysis was performed. The plasmas induced at location H4 was analyzed because optical emissions of both two split plasma plumes persisted longer and the distance between two plumes was larger, compared to that of other locations, as shown in Fig. 4 . Figure 5 shows the temporal and spatial resolved plasma emission spectra recorded by two dimensional ICCD array. Intensity was scaled to 0-1 for each sub frame. The spectra shown in Fig. 5 cover from 461.84 to 463.74 nm. At early time, intense continuum emission contributes to the main component of measured spectrum. At delay time of 500 ns, the spectrum is already dominated by discrete zirconium neutralatomic lines. Both Zr II line at 462.91 nm and ZrO molecular band (α(0,0) band of the d 3 Δ 3 −d 3 Δ 3 system) are weak but distinguishable. The Zr I lines are broadened by Stark effect. The plasma obviously split into two parts and the behaviors of the two parts are significantly different. The intensity of Zr I 462.64 nm verse plasma height is shown in Fig. 6(a) . The height of the plasma portion at the bottom (Zone I) was around 0.8 mm, and only slight increase was observed as function of delay. However, the plasma portion at the top (Zone II) features more distinguishable dynamics. The plasma height increased about 1.2 mm from 0.5 μs to 3 μs, but the lengths (defined as the length of single split plasma plume in vertical direction) remained similar for all detection delays. In order to further characterize the spectral emission from Zone I and Zone II plasma portions, two spectra were extracted from each frame by integrating vertical pixels regions (whole zone) that corresponding to Zone I and Zone II, respectively. Two typical spectra taken at delay time of 1000 ns were shown in Fig. 6(b) . The continuum component of spectrum acquired from Zone I is about 4.7 times of that from Zone II, and the intensities of atomic lines from Zone II are much higher than that from Zone I. For different delay times, the integrated pixel region for each zone was modified with respect to the intensity distribution versus plasma height, as shown in Fig. 6(a) . Following a fitting procedure, component of atomic lines, ionic line and ZrO molecular bands were de-convoluted from spectra. The fitting procedure was reported in our previous work [19] . By analyzing series images acquired with different delay times, the evolution of Zr I 462.64 nm intensity, peak width of Zr I 462.64 nm, intensity ratio of ZrO bandhead to Zr I 462.64 nm were obtained, as shown in Figs. 7(a)-7(c). At initial delay time of 1 μs, the Zr I line intensity of Zone II is about two times than that of Zone I, but the intensity decays faster. For the plasma portion inside the weakly ionized channel, the recombination possibility of zirconium atoms and oxygen atoms is low because the oxygen molecules density was low inside the weakly ionized channel, and the outward shockwave propagation is likely to prohibit the chemical interaction between plasma plumes and ambient air [47] . The majority oxygen atoms that form ZrO molecules are from air oxygen molecule. In such low air molecular density environment, lower molecular emission intensity is expected, and confirmed by experimental result shown in Fig. 7(c) . The intensity ratios of ZrO to Zr I from Zone I are about three times higher than that of Zone II at any gate delay. Lower collision process is also expected for plasmas formed in low density channel, which is evidenced by comparison of evolution of Zr I peak width obtained from two zones as shown in Fig. 7(b) . Narrower peak width indicates lower electron density because Stark collision dominates the broadening the atomic lines in laser induced plasma [48] . The electron density of Zone II is estimated to be about 30%-40% lower than that of Zone I. The reduced spectral line broadening favors isotope analysis with LIBS technique, because the isotope shift of atomic lines of high-Z elements (e.g. U) is very small and cannot be well resolved due to the broadening of atomic lines [49] . Plasma temperatures are also deduced utilizing Boltzmann-Plot method, as previous reported [19] . The evolutions of plasma temperature are shown in Fig. 7(d) . The fast temperature decay is the key reason leads to the intensity decay of atomic lines.
Conclusion
In conclusion, we reported a novel method to create high temperature, low electron density plasma with intense elemental emission and weak bremsstrahlung emission. Weakly ionized air channels were generated by focusing ultrafast laser beams. Femtosecond laser ablated plasma plume can be sucked into the long-lived underdense channel that created by ultrafast laser filamentation phenomenon, and further split into two parts whilst longer weakly ionized air channel formed above the ablation spot. The two split plasma plumes were characterized by analyzing the spectral emission and the result showed that the part of plasma sucked into weakly ionized air channels features higher initial temperature, lower electron density and faster decay. The plasma portion sucked into weakly ionized plasma channels emits very clean atomic and molecular spectra, which favors chemical analysis performance improvement. Instead, distinct continuum component contributes to the spectra taken from plasma portion near sample surface. The reported arresting phenomenon will be especially useful for isotope analysis with LIBS technique using spectra from zone II. For Laser ablation molecular isotopic spectrometry (LAMIS) technique, spectra from Zone I can be used for isotope analysis since the molecular emission is more favorable at this zone. Moreover, the plasma portion at the top is almost free of bremsstrahlung emission, which is very helpful for general LIBS signal analysis because reduced collisions lead to higher resolution emission lines, and even enables detection of LIBS signal with non-gated detector. 
